We study LHC signatures of Type III seesaw in which SU (2) L triplet leptons are introduced to supply the heavy seesaw masses. To detect the signals of these heavy triplet leptons, one needs to understand their decays to standard model particles which depend on how light and heavy leptons mix with each other. We concentrate on the usual solutions with small light and heavy lepton mixing of order the square root of the ratio of light and heavy masses, (m ν /M νR ) 1/2 . This class of solutions can lead to a visible displaced vertex detectable at the LHC which can be used to distinguish small mixing and large mixing between light and heavy leptons. We show that, in this case, the couplings of light and heavy triplet leptons to gauge and Higgs bosons, which determine the decay widths and branching ratios, can be expressed in terms of light neutrino masses and their mixing. Using these relations, we study heavy triplet lepton decay patterns and production cross section at the LHC. If these heavy triplet leptons are below a TeV or so, they can be easily produced at the LHC due to their gauge interactions from being non-trivial representations of SU (2) L . We consider two ideal production channels, 1)
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For case 1), we find that with one or two of the light leptons being τ it can also be effectively studied.
With judicious cuts at the LHC, the discovery of the heavy triplet leptons as high as a TeV can be achieved with 100f b −1 integrated luminosity.
I. INTRODUCTION
Neutrino oscillation experiments involving neutrinos and antineutrinos coming from astrophysical and terrestrial sources have found compelling evidence that neutrinos have finite but small masses. To accommodate this observation, the minimal standard model (SM) must be extended. Generating neutrino masses through the seesaw mechanism [1, 2, 3, 4] is among the most attractive ones. It explains the smallness of neutrino mass by supplying a suppression factor of the ratio of electroweak scale to a new physics scale.
There are different ways to realize seesaw mechanism. They can be categorized as Type I, Type II and Type III seesaw mechanisms. The main ingredients of these models are as the followings.
Type I [1] : Introducing singlet right-handed neutrinos ν R which transform as: (1, 1, 0) under SM SU (3) C × SU (2) L × U (1) Y gauge group. It is clear that ν R does not have SM gauge interactions. The neutrino masses m ν are given by m ν ∼ y 2 ν v 2 /M ν R , where v is the vacuum expectation value (vev) of the Higgs doublet in the SM, y ν is the Yukawa coupling and M ν R is the right-handed neutrino mass, which sets the new physics scale Λ. If y ν ≃ 1, to obtain the light neutrino mass of order an eV or smaller, M ν R is required to be of order 10 14 ∼ 10 15 GeV. This makes it impossible to directly detect ν R at laboratory experiment. However, the Yukawa coupling y ν does not need to be of order one. If it turns out to be similar to or smaller than the Yukawa coupling for electron, M ν R can be as low as a TeV.
Type II [2] : Introducing a triplet Higgs representation ∆ transforming as: (1, 3, 2) . In this type of models, the neutrino masses are given by: m ν ≈ Y ν v ∆ , where v ∆ is the vev of the neutral component of the triplet and Y ν is the Yukawa coupling. With a doublet and triplet mixing via a dimensionful parameter µ, the electroweak symmetry breaking (EWSB) leads to a relation v ∆ ∼ µv 2 /M 2 ∆ , where M ∆ is the mass of the triplet. In this case the scale Λ is replaced by M 2 ∆ /µ. With Y ν ≈ 1 and µ ∼ M ∆ , the scale Λ is also 10 14 ∼ 10 15 GeV. Again a lower value of order a TeV for M ∆ is possible.
Type III [3] : Introducing triplet lepton representations Σ L with (1, 3, 0) SM quantum numbers. The resulting mass matrix for neutrinos has the same form as that in Type I seesaw. The high scale Λ is replaced by the mass of the leptons in the SU (2) L triplet representation which can also be as low as a TeV.
In the absence of more experimental data, it is impossible to tell which, if any, of the mechanisms is actually correct. Different models should be studied using available data or future ones. The most direct way of verifying the seesaw mechanism is, of course, to produce the heavy degrees of freedom in the models if they are light enough, and study their properties. The Large Hadron Collider (LHC) at CERN with the unprecedented high energy and luminosity is the best place to carry out such a test.
Major discoveries of exciting new physics at the Terascale at the LHC are highly anticipated. Test of seesaw mechanism at LHC has received a lot of attentions recently [5, 6, 7, 8, 9, 10, 11, 12, 13] . However, it is believed that any signal of ν R would indicate a more subtle mechanism beyond the simple Type I seesaw due to the otherwise naturally small mixing V lν R ∼ m ν /M ν R between the heavy neutrinos and the SM leptons. Some of the ways to evade such a situation are to have some new gauge interactions [6, 8] or to find solutions where V lν R are large which can happen in inverse seesaw models [14, 15, 16] .
The possibility of testing the Type II seesaw mechanism at the LHC has been considered by several groups [9, 10] . Recently one group including one of us systematically explored the parameter space in this model [10] . Using preferred parameters from experimental data, they found that in the optimistic scenarios, by identifying the flavor structure of the lepton number violating decays of the charged Higgs bosons, one can establish the neutrino mass pattern of the normal hierarchy (NH), inverted hierarchy (IH) or quasi-degenerate (QD). Many other signatures of Type II seesaw at the LHC have been studied [9, 10] .
There have also been studies to test Type III seesaw at the LHC [11, 12, 13] . Due to the fact that the SU (2) L triplet Σ has gauge interactions, the production of the heavy triplet particles can have a much larger cross section compared with that in Type I seesaw. The Type III seesaw can be tested in a more comprehensive way up to the TeV range. In this paper we further study some features of the Type III seesaw at LHC. To detect the signals of the heavy triplet leptons, one needs to understand their decays to SM particles which depend on how light and heavy leptons mix with each other. Similar to Type-I seesaw, in this model it is also possible to have small and large mixing V lν R between light and heavy leptons [14, 15, 16] .
The usual solutions with light and heavy lepton mixing of order the square root of the ratio of light and heavy masses, (m ν /M ν R ) 1/2 could lead to a visible displaced vertex in the detector at the LHC [11] . This fact can be used to distinguish small mixing and large mixing between light and heavy leptons. The latter does not lead to a displaced vertex. It has long been realized that it is possible to have large light and heavy neutrino mixing originated from the so-called inverse seesaw [14] . This possibility has also received a lot of attentions recently [15, 16] . With a large mixing between light and heavy leptons, one can also study single heavy lepton production [16] . This can also be used to distinguish model parameter spaces. We will concentrate on the usual small light and heavy mixing solutions.
The analysis carried out in this work, in many ways, is similar to that in Ref. [8] since in both cases the productions of heavy lepton pairs are through gauge boson mediation, and also the light and heavy lepton mixing comes from seesaw mechanism. The main differences are that in this model the heavy leptons have electroweak interactions and the mediating gauge bosons in productions are W and Z, while in the model discussed in Ref. [8] , the heavy neutrinos do not have electroweak interactions and the mediating particle is the new neutral gauge boson Z ′ . Our analysis also has overlaps with that in Ref. [17] where Type I+III seesaw was studied, but detailed correlations are different since the model in Ref. [17] has both heavy neutrinos from Type I which do not have electroweak interactions and also the triplet heavy leptons from Type III we are considering. We have checked that when applicable, our results agree with those obtained in Ref. [8, 17] .
We find that there is a relation between the low energy neutrino oscillation and mass parameters, and the heavy triplet lepton decay parameters which has not been considered before in this model. We first derive this relation, and then make concrete predictions of the heavy triplet lepton signals using this relation for the small mixing solutions. We consider two ideal production channels, 1)
e, µ, τ ) and 2) E ± N → ℓ ± ℓ ± jjjj in detail. We also include τ events reconstruction in the analysis which turns out to give some interesting additional information. With judicious cuts at the LHC, the discovery of the heavy triplet leptons as high as a TeV can be achieved with 100f b −1 integrated luminosity. With 300f b −1 integrated luminosity, the reach of the scale for heavy triplet leptons can be higher.
The paper is arranged as the following. In Sec. II we summarize some basic features of Type III seesaw model, paying particular attention to the heavy triplet lepton couplings to SM bosons and light leptons, and display relations between the low energy neutrino oscillation and mass parameters. In Sec. III we study constraints on the relevant parameters in the model, taking full advantage of the relations obtained in Sec.
II. In Sec. IV we study the heavy triplet lepton decays. In Sec. V we study production of heavy triplet leptons and the detection signals at the LHC. Finally in Sec. VI we summarize our main results. We also include two appendices, Appendix A and Appendix B, to provide more details on the derivation of the relation displayed in Sec. II and the general expressions for the heavy triplet lepton decay parameters.
II. THE TYPE III SEESAW MODEL
The Type III seesaw model consists, in addition to the SM particles, left-handed triplet leptons with zero
. We write the component fields as
The charge conjugated form is
Here we have defined that
With a non-zero vacuum expectation value H = v/ √ 2 for the Higgs field, the doublet leptons receive masses, and also mix the doublet and triplet leptons. The relevant terms in the Lagrangian for mass matrices are given by
The second line above gives the seesaw mass matrix for neutrinos.
There are many different features for Type III seesaw compared with the other types. Unlike Type I seesaw model, in this model the doublet charged leptons mix with the triplet charged leptons leading to tree level flavor changing neutral current involving changed leptons [18] . The fact that the heavy triplet leptons in Type III seesaw have gauge interaction also leads to other different phenomenology [19, 20] . Different extensions of the simplest model can also achieve different goals [21] .
For detailed studies, one needs to understand the mass matrices in Eq. 4 and their diagonalization further.
The diagonalization of the mass matrices can be achieved by making unitary transformations on the triplet, the charged and neutral, leptons defined in the following
where U L,R and U 0 are 6 × 6 unitary matrices, for 3 light doublet and 3 heavy triplet lepton fields, which we decompose into 3 × 3 block matrices as
For our studies we need to know gauge and Higgs boson couplings to leptonic fields. In the weak interaction basis, they can be written as
where c W = cos θ W .
In the mass eigen-state basis, the photon couplings to fermions are diagonal, but Z couplings are more complicated. We have
where
and
For the charged current interactions, we have
In the above we have made the approximation V L lν = V P M N S . Strictly speaking V L lν is not unitary as the usual definition of the unitary 3 × 3 V P M N S matrix. The correction is at the order of O(m ν /M Σ ). It is a good approximation since we are working with the small light and heavy neutrino mixing scenario.
One finds an interesting relation
The detailed derivation is given in Appendix A. A similar relation without the last two terms on the right in the above equation for Type I seesaw has been derived in Ref. [8, 22] .
The physical Higgs H 0 interactions with leptonic fields, in the mass eigen-state basis, are given by
In principle, the matrices U L,R and U 0 can be expressed in terms of Y Σ , m l and M Σ . Since for seesaw mechanism to work,
Σ to keep track of the leading order contributions. For this purpose, it is convenient to write the leading order
Σ in the basis where m l and M Σ are already diagonalized, without loss of generality. The following results have been obtained in the literature [18] 
To leading order in
Σ , we have interaction terms involving heavy triplet leptons as
In the above, all fields are in mass eigen-states. The E, N and
are mass eigen-states of Ψ, Σ, and the eigen-mass matrices, respectively. Note that the interactions involving light neutrinos in the above have the additional V P M N S factor compared with those involving light charged leptons.
To the same order, we also have
This equation plays an important role in constraining the elements in the coupling matrix V lN .
III. CONSTRAINTS ON THE PHYSICAL PARAMETERS
In the study of decay of E and N into SM particles, the interaction matrix V lN plays an important role.
Knowledge about it is crucial. In this section we study constraints on V lN and the decay branching ratios of E and N . Eq. 18 provides very important constraints on V lN . As have been mentioned before that there are two classes of solutions, the cases with small and large mixing between light and heavy leptons. The small mixing case is characterized by the fact that in the limit, m diag ν goes to zero, the elements in V lN also go to zero, and the elements in V lN are of order (m ν /M ν R ) 1/2 . But with more than one generations it is possible to have non-trivial solutions for Eq. 18 which have large mixing between light and heavy leptons, as have been shown in Refs. [15] and [16] . The cases with small and large mixing have very different experimental signatures. The small mixing solution case will lead to a visible displaced vertex in the detector at the LHC. While for the large mixing case, one can also study single heavy lepton production [16] . The aim of this paper is to study the correlations of heavy lepton productions and decays with low energy neutrino oscillation parameters and masses. Therefore in this section we will discuss constraints on the physical parameters for small mixing solutions.
A. Neutrino Masses, Mixing and the Coupling Matrix V lN
On the right-handed side of Eq. 18, the parameters involved are in principle measurable parameters, the neutrino masses and mixing angles. Therefore in order to understand the constraints we need to know as much as these parameters. As has been mentioned before that in our case the V P M N S is, in general, not unitary. However, since the deviation is of order Y Σ v/M Σ , to a good approximation, we can neglect these corrections and use a unitary matrix to represent it which can be written as 
where s ij = sin θ ij , c ij = cos θ ij , 0 ≤ θ ij ≤ π/2 and 0 ≤ δ ≤ 2π. The phase δ is the Dirac CP phase, and Φ i are the Majorana phases. The experimental constraints on the neutrino masses and mixing parameters, at 2σ level [23] , are
and no constraints on the phases. The neutrino masses are bounded by i m i < 1.2 eV [24] .
For a complete discussion of these constraints see reference [4] . Following the convention, we denote the case ∆m 2 31 > 0 as the normal hierarchy (NH) and otherwise the inverted hierarchy (IH). In our later discussions unless specified for the input values of relevant parameters, when scanning the parameters space we will always allow s 12, 13, 23 to run the above allowed ranges, and the lightest neutrino mass for NH and IH cases to run the range 10 −4 ∼ 0.4 eV.
Eq. 18 relates V lN to low energy measurable quantities, but the elements in V lN can not be fully determined. Certain assumptions or new parameters need to be introduced to describe the ranges for the elements in V lN . In the following we consider in details for the size of V lN with the Majorana phases set to zero first, and then comment on the effects of non-zero Majorana phases.
Case I: Degenerate Heavy Triplet Leptons
We start with a simple but interesting case where the heavy triplet leptons are degenerate. In this case Eq. 18 becomes simple on the left hand side with
lN . Here the superscript "i" runs over the three light generation leptons and "j" runs over the three heavy triplet leptons.
is the heavy triplet mass. We have a simple expression from Eq. 18
Explicitly we have 
If the phases in V lN are all zero, the right-handed sides in the above equations are all real. We can formally write
Later when we will refer this particular case as Case I.
If indeed the three heavy triplet leptons are degenerate or almost degenerate, experimentally when they are produced, one would not be able to distinguish them and therefore must sum over the heavy ones. The above equation allows one to fix the couplings completely in terms of low energy parameters. We emphases that this is true only for the case that all phases in V lN are zero.
The experimental information on neutrino masses and mixing indicates that the neutrino mass matrix M ν presents the following patterns
More detailed discussions can be found in Ref. [10] . We plot the allowed values for the normalized cou-
GeV, of each lepton flavor for this case in Fig. 1 , as a function of the lightest neutrino mass for both the NH (left panels) and the IH (right panels) cases. We see two distinctive regions in terms of the lightest neutrino mass. In the case m 1(3 
Case II: A Class of Solutions for Small Mixing between Light and Heavy Neutrinos
As already mentioned before the relation in Eq.18 we can not completely fix the form for V lN , but we find that V lN can be written in the following form using the Casas-Ibarra parametrization [22] 
) and Ω(w 21 , w 31 , w 32 ) satisfies ΩΩ T = 1. In general the elements in Ω can be unbounded if complex variables w ij are used. Since we are interested in small mixing between light and heavy neutrinos, we will limit ourselves to the case where the angles w ij defined in Appendix B are real and allow them to vary in the ranges 0 < w 21 , w 31 , w 32 < 2π. More details about Ω are given in Appendix B where explicit expressions for V ij lN (i = e, µ, τ, j = 1, 2, 3) are collected. If Ω = 1, the expressions for |V lN | 2 are simple. We have 
Using known data on the mixing parameters, it is easy to see that To have a better understanding about the size of |V lN | 2 , we scan all w 21 , w 31 and w 32 in the range 0 < w ij < 2π. Ω = 1 case is obtained by setting sin(w ij ) = 0. Case I discussed earlier, is also a special case of Case II.
The allowed range for the normalized coupling, |V i1 lN | 2 M 1 /100 GeV is shown in Fig. 2 as a function of the light neutrino mass in each spectrum. The results for the NH and IH cases are displayed in the left and right panels, respectively. The ranges of |V i2 lN | 2 M 2 /100 GeV and |V i3 lN | 2 M 3 /100 GeV are almost the same and will not be shown separately. Unlike for Case I, by just looking at the absolute values |V lN | 2 along, it is difficult to distinguish neutrino mass hierarchies. But there are allowed regions for |V e1 lN | 2 for the NH and IH which do not overlap. In this particular situation, there is still a hope to distinguish different neutrino mass hierarchies.
B. Other Constraints
In Type III seesaw model, the heavy triplet lepton masses are free parameters. The current constraint on heavy charged lepton masses comes from the direct search at collider [25] , M E 100 GeV, which we will use as a lower bound and take M E,N to be larger than Higgs boson mass M H (> 114 GeV). Because the charged and neutral heavy leptons have different mass matrices, they are in general different. However the splits are small compared with the common mass term M Σ . We will take M N = M E as the common triplet mass in our later discussions.
Other constraints come from electroweak precision measurements, LFV processes, and meson rare decays [6, 13, 18, 19, 25, 26] , we have checked that these limits do not provide strong constraints for heavy triplet lepton decays and productions.
IV. HEAVY TRIPLET LEPTON DECAYS
In this section we study the main features of the heavy triplet lepton decays taking into account the constraints on |V lN | 2 from the neutrino mass and mixing data as discussed in the previous section. From Eq. 18 one therefore anticipates that E and N decays could be different. We explore this in more details in the following.
A. Main Features of Heavy Triplet Lepton Decays
The partial widths for N and E decays are given by [6, 13] 
In the above, we have used the relation [6] 
One can see that all E and N decay partial widths are proportional to |V lN | 2 and the branching ratios of the cleanest channels have relationship BR(N → ℓ ± W ∓ ) = BR(E ± → ℓ ± Z) for large triplet mass. In Since all partial widths are proportional to τ ℓ=e |V ℓi lN | 2 , there are no other free parameters for the branching ratios displayed in the figure.
B. Heavy Triplet Lepton Decays And Neutrino Mass Spectra
We now present our results for decay branching ratios in detail for Cases I and II described before.
Case I
In Fig. 4 we show the impact of the neutrino masses and mixing angles on the branching fractions summing all N i decaying into e, µ, τ lepton plus W boson respectively, with the left panels for NH and the right panels for IH. The branching fraction can differ by one order of magnitude in NH case with
, and about a few times of magnitude in the IH spectrum with
As expected that all the channels are quite similar when the neutrino spectrum is quasi-degenerate, m 1 ≈ m 2 ≈ m 3 ≥ 0.1 eV.
Case II
We show the branching fractions of processes almost the same. These do not seem to provide discrimination power between the two mass spectra.
It is important to note that nature would choose only one specific form of Ω, not a random selection. To illustrate in fact that detailed analysis can still distinguish different neutrino mass spectra in each special case, we show in Fig. 6 the branching fractions of N 1 as functions of the lightest neutrino mass for NH and IH, respectively, with M 1 = 300 GeV, and w 21 = w 31 = 0.2π. Note that N 1 decay does not depend on w 32 . We see that the branching fractions for NH and IH cases can be substantially different,
The above analysis can only be useful if there are independent ways that the angles w ij and phases can be measured. We have not been able to find viable method to achieve this. We therefore would like to turn the argument around that if in the future the neutrino mass hierarchy is measured, then in combination with the possible information on the sizes of the elements in V lN from our later discussions in Sec. V.C., information on the model parameters w ij and phases may be extracted at the LHC.
C. Impact of Majorana Phases for E and N Decays
So far we have assumed that the Majorana phases are all zero. The unknown Majorana phases could modify the predictions for E and N decays. In this section we study the effect of non-zero Majorana phases on E and N decays. We note that in general there are two Majorana phases, Φ 1,2 , and a general analysis will be complicated. The situation can be simplified for some special cases. From Appendix B, it can be easily seen that in the limits that m 1 = 0 and m 3 = 0, the phase Φ 1 and Φ 2 drop off the expressions for V lN , respectively. The m 1 = 0 can happen for normal hierarchy, and m 3 = 0 can happen for inverted hierarchy neutrino mass patterns. We therefore will take these two cases for illustrations. Note that with non-zero Majorana phases, it is not possible to have Case I any more. Our discussion here will only apply to Case II. The V lN dependence on Majorana phases for Case II can be read off from Appendix B. The two illustration cases are:
a. NH with one massless neutrino (m 1 ≈ 0). In this case the E and N decay rates depend on only one Majorana phase Φ 2 .
b. IH with one massless neutrino (m 3 ≈ 0). In this case E and N decay rates depend on only one phase Φ 1 .
In Fig. 7 we show the dependence of N 1 decay rates with Majorana phases Φ 2 and Φ 1 in NH and IH respectively without any phases in Ω. The dependence of N 2 and N 3 decays on Majorana phases are almost the same as that of N 1 . For Φ 2 from 0 to π in NH, they are always µW, τ W channels that dominate. And for Φ 1 from 0 to π in IH, eW channel always dominates. To cover the whole ranges the range of Majorana phases needs to go from 0 to 4π according to our definition in Eq. 19. But for the fully scanned plot Fig. 7 the range from 0 to 2π can reflect the complete feature. The figures are symmetric from 2π to 4π to the ones from 0 to 2π. We see that the Majorana phases do have impact on the branching ratios. One can extract information on Majorana phase from different lepton-flavor final states. One can also study more detailed correlations of the NH and IH cases with the change of Majorana phases which we show indicative plots for the above two cases in Fig. 8 . We can see that for NH when the phase Φ 2 = 2π, one obtains the maximal suppression (enhancement) for channel N 1 → µ ± W ∓ (N 1 → τ ± W ∓ ) by one order. For IH the maximal suppression and enhancement takes place also when Φ 1 = 2π. In this case the dominate channels swap
. This qualitative change can be of useful in extracting the value of the Majorana phase Φ 1 .
D. Total Decay Width of Heavy Triplet Leptons
To complete our study about the heavy lepton and neutrino properties, in Fig. 9 we plot the total width (left axis) and decay length (right axis) for N versus M N in NH and IH for Case II. The total decay width is proportional to M ν M 2 N . Although not considered as long-lived for large triplet mass, the E and N decay could lead to a visible displaced vertex in the detector at the LHC. This displaced vertex can be observed through E and N reconstructions as first pointed out by Ref. [11] . Careful analysis of displaced vertex can also provide crucial information about neutrino mass hierarchy since the NH and IH cases have different decay widths as can be seen from Figs. 6, 8 , and also the right panel in Fig. 9 . Since we cannot separately determine each of the heavy triplet lepton decays for Case I. It is not possible to give a similar description about the decay length. But this case is just a special case of Case II which are already implicitly included in the results for Case II.
V. HEAVY TRIPLET LEPTON PRODUCTIONS AT THE LHC
In this section we study the main production mechanisms of heavy triplet leptons and their experimental signatures at the LHC. There are existing previous literatures on this topic, both in theoretical and phenomenological considerations [11, 13, 25] . The main production channels of E ± , N are
The relevant total production cross sections are plotted in Fig. 10 . Note that the production cross sections for E + N and E − N are different due to the fact that the LHC is a pp machine.
We can see that up to 1.5 TeV, the cross section for each production mode is a few times larger than 0.01f b. It gives the hope that with enough integrated luminosity, saying 300 f b −1 , LHC may be able to probe the scale up to 1.5 TeV if all three production modes are analyzed. However, one should be more careful in carrying out the analysis beyond the naive total cross section estimate. One has to make appropriate cuts to reduce SM backgrounds which will also reduce the signal rate.
The detection of E ± and N are through their decays into SM particles. We have studied the main decay modes, E ± → ℓ ± Z, νW ± , ℓ ± H 0 and N → ℓ ± W ∓ , νZ, νH 0 in previous sections. The signal channels for E ± and N productions can be classified according to charged usual leptons in the final states [13] : i)
iv) 4 charged leptons ℓ + ℓ + ℓ − ℓ − ; v) 3 charged leptons ℓ ± ℓ ± ℓ ∓ ; vi) 2 charged leptons ℓ ± ℓ ± ; vii) 2 charged leptons ℓ + ℓ − jjjj; And viii) 1 charged lepton ℓ ± jjjj.
With the heavy triplet leptons fixed at a mass of 300 GeV, it has been shown that signals from i) and ii) have too small cross sections. They are not good for discovery. Signals from iii) and iv) can provide clean measurement of the heavy triplet masses. Signals from v) and vi) have excellent potential for the discovery with relatively high signal rate and small background. Signals from vii) and viii) have large cross sections, but large background [13] . We will not carry out a full comprehensive study of all possible final states, but concentrate on two types of particular final states, belonging to iv) and vi), which represent two ideal signals for E + E − and E ± N productions.
These two types of signals are:
We note that all the particles in the final states in these two processes can be measured and the masses of E and N can, in principle, be reconstructed. Therefore these processes are easier to control compared with those with multi-neutrinos in the final states. Replacing Z by H 0 can also result in the same final states. Since Higgs boson mass is not known yet, we will not consider them. This type of events can be eliminated with reconstruction of Z mass.
Our approach beyond the existing studies is to make concrete predictions of the E ± and N signals in connection with the neutrino oscillation parameters through Eq. 18, and allow the heavy triplet lepton masses to vary. We also include τ events reconstruction which turns out to provide some interesting information.
We now discuss the observability at the LHC in detail. In sub-sec. A and B, we are mainly concerned with the kinematical features for the signal and backgrounds. We will take the decay branching fractions of E and N to be 100% to the corresponding channels under discussions. In sub-sec. C, we will devote ourselves to the determination for the branching fractions. We also assume that the three heavy triplet leptons are hierarchical and consider the lightest one of them. We will comment on degenerate case as described in Case I previously at the end.
A.
In this case, one of the cleanest ways to make sure signals are from E + E − production is to use the decay mode
and analyze We will explore the signal observability according to the different lepton flavors.
1.
For this case, the leading irreducible SM backgrounds to this channel are
We generate the SM backgrounds using MadGraph.
Although the background rates are very large to begin with, the kinematics is quite different between the signal and the backgrounds. We employ the following basic acceptance cuts for the event selection [27] p T (ℓ) ≥ 15 GeV, |η(ℓ)| < 2.5,
where p T is the transverse momentum, η is the pseudo-rapidity and ∆R is the separation between events for any of the pairs ℓ and ℓ, ℓ and j, and, j and j.
To simulate the detector effects on the energy-momentum measurements, we smear the electromagnetic energy and jet energy by a Gaussian distribution whose width is parameterized as [27] 
With further judicious cuts, the background can be reduced more. We outline the characteristics and propose some judicious cuts as follows.
• For a few hundred GeV E, the leptons from heavy triplet lepton decays are very energetic. We therefore tight up the kinematical cuts with
• To reconstruct Z boson, we select among four possibilities of opposite sign lepton pair ℓ + ℓ − and take advantage of the feature M ℓ
In practice, we take their invariant masses close to M Z with |M ℓ
• To reconstruct heavy lepton E, we take advantage of the feature that two E's have equal mass
. In practice, we take |M ℓ
. This helps for the background reduction, in particular for ℓ + ℓ − Zjj.
• To remove the ttZ background, we veto the events with large missing energy from W decay E T < 20 GeV.
The production cross section of E + E − signal with basic cuts (solid curve) and all of the cuts (dotted curve) above are plotted in Fig. 11 . For comparison, the background processes of ℓ + ℓ − Zjj and ttZ are also included with the sequential cuts as indicated. The backgrounds are suppressed substantially.
Finally, when we perform the signal significance analysis, we look for the resonance in the mass distribution of ℓ
The invariant masses of them are plotted in Fig. 12 for 300 GeV E pair production. If we look at a mass window of |M ℓ
, the backgrounds will be at a negligible level.
As a remark, we would like to comment on the other potentially large, but reducible backgrounds, like ttjj. The ttjj production rate is very high, leading to the ℓ + ℓ − X final state with about 40 pb.
Demanding another isolated lepton presumably from the b quarks and with the basic cuts, the background rate will be reduced by about three to four orders of magnitude. The stringent lepton isolation cut for multiple charged leptons can substantially remove the b-quark cascade decays. With the additional 
E
The τ lepton final state from E decay can provide additional information. Its identification and reconstruction are different from e, µ final states because a τ decays promptly and there will always be missing neutrinos in τ decay products.
In order to reconstruct the events with τ 's we note that all the τ 's are very energetic from the decay of a few hundred GeV heavy lepton E. The missing momentum will be along the direction of the charged track.
We thus assume the momentum of the missing neutrinos to be reconstructed by
Identifying − → p T (invisible) with the measured E T , we thus obtain the τ momentum by
The E pair kinematics is, thus, fully reconstructed. The reconstructed invariant masses of M (ℓ Fig. 13 . We see that M (ℓ
is slightly broader as anticipated. We always can find the rather narrow mass distribution. The jjℓ ∓ system right here (dashed curve) serves as the most distinctive kinematical feature for the signal identification. Of course the single τ 
production, with a E mass of 300 GeV.
lepton could also be produced with the hadronic decay Z boson from the same parent E. The feature in this case is the same.
For τ + τ − ℓ + ℓ − jj events with two τ 's, we generalize the momenta reconstruction to
The proportionality constants κ 1 and κ 2 can be determined from the missing energy measurement as long as the two charge tracks are linearly independent. In practice when we wish to identify the events with τ 's,
we require a minimal missing transverse energy
This will effectively separate them from the ℓ + ℓ + ℓ − ℓ − jj events.
Another important difference between the leptons from the primary E decay and from the τ decay is that the latter is much softer. In Fig. 14 we show the p T distribution of the softer lepton from the heavy lepton and τ decays in the events of ℓ + ℓ + ℓ − ℓ − jj, τ ± ℓ ∓ ℓ + ℓ − jj and τ + τ − ℓ + ℓ − jj.
Note that the two τ 's could be produced from either two heavy leptons or Z boson. It is easy to distinguish the two cases. Firstly it is the two hard e, µ leptons that reconstruct Z boson when two τ 's are from E decay, but if two τ 's reconstruct Z boson the invariant mass distribution must be much broader. We plot the reconstructed invariant mass distributions of M (ℓ + ℓ − ) and M (τ + τ − ) in Fig. 15 . On the other hand, 
a E mass of 300 GeV.
for E reconstruction, the invariant masses of τ ± ℓ + ℓ − and τ ∓ jj are almost the same. But that of ℓ ± τ + τ − is broader than ℓ ∓ jj, see Fig. 16 .
B. E ± N associated production
In this case the cleanest decay modes of E ± and N are
and the signals for E ± N associated production are
We employ the same basic acceptance cuts and smearing parameters as in the previous section. The leading irreducible SM background to this channel is
The QCD processes jjjjW ± W ± , jjW ± W ± W ∓ are much smaller. This is estimated based on the fact that FIG. 14: p T distribution of the softer lepton from the heavy lepton E and τ decays in the events of ℓ
for a E mass of 300 GeV.
We again apply further judicious cuts as following to reduce the background,
• We set additional cuts for hard leptons and jets
• To reconstruct Z and W boson masses, we select two pair jets among the four ones and take their invariant masses closest to M Z and M W with
Their invariant masses are plotted in Fig. 17 (a).
• To reconstruct heavy lepton E and N , we take advantage of the feature that they have equal mass
. This helps for the background reduction.
Next, when we perform the signal significance analysis, we look for the resonance in the mass distribution of ℓ 1 j 1 j 2 and ℓ 2 j 3 j 4 . The invariant masses of them are plotted in Fig. 17 (b) for 300 GeV E pair production.
If we look at a mass window of |M ℓ 1 j 1 j 2 ,ℓ 2 j 3 j 4 − M E | < M E /20, the backgrounds will be at a negligible level. The production cross section of E ± N signal with basic cuts (solid curve) and all of the cuts (dotted 
with a E mass of 300
GeV.
curve) above are plotted in Fig. 18 . For comparison, the background processes of ttW ± is also included with the sequential cuts as indicated.
Finally, we would like to give a comment for another excellent signal for E ± N production
This signal has almost no standard model background. However, its production rate is about 10 times lower than that we consider above. We will not study it here further.
C. Measuring Branching Fractions
So far, we have only studied the characteristic features of the signal and backgrounds for the leading channels with the decay branching fractions of E and N to be 100%. For illustration, we consider first the cleanest channel,
The number of events is written as
where L is the integrated luminosity. Given a sufficient number of events N , the mass of E is determined by the invariant mass of three leptons and one lepton and two jets. We thus predict the corresponding production rate σ(pp → E + E − ) for this given mass. The only unknown in the Eq. 44 is the decay branching 
with a E mass of 300 GeV.
fraction. We present the event contours in the BR−M E plane in Figs. 19 (a) and (b) for 100 fb −1 and 300 fb −1 luminosities including all the judicious cuts described earlier, with which the backgrounds are insignificant. We see that with the estimated branching fraction for µ + Z, one can reach the coverage of about M E 0.8 TeV for 100 fb −1 luminosity and M E 0.9 TeV for 300 fb −1 luminosity.
The associated E ± N production has larger cross section compared with E + E − production and can provide even better signals. In Figs. 20 (a) and (b), we show the event contours in the BR-M E plane, for 100 fb −1 and 300 fb −1 luminosities including all the judicious cuts described earlier. Note again the events number for E + N and E − N cases are different due to the LHC being a pp machine. In Fig. 21 (a) and (b) we show the event contour for E + N and E − N separately. One can see that the LHC has tremendous sensitivity to probe the channel E ± → µ ± Z or N → µ ± W ∓ in this production mechanism. One can reach the coverage of about M E 1 TeV for 100 fb −1 luminosity and M E 1.2 TeV for 300 fb −1 luminosity.
We comment that for Case I, where the three heavy triplet charged and neutral leptons are degenerate, one can not distinguish among the three heavy particles and the detection signals will add up. This will enhance the event number by roughly a factor of 3.
As discussed earlier that in Case I, the E and N decay branching fractions and the light neutrino mass matrix are directly correlated, therefore measuring the BR's of different flavor combinations becomes crucial in understanding the neutrino mass hierarchy pattern and thus the mass generation mechanism. We find the following for Case I when all phases are neglected, 
BR(E
2 for IH : e ± e ± ZZ(ZW ),
supporting statement above. These predictions are the consequence from the neutrino oscillation experiments and are subject to be tested at the LHC to confirm the seesaw theory. However for the more general situation Case II when heavy neutrinos are not degenerate, no such information can be extracted since the correlation between the BR and light neutrino mass patterns is not strong.
We would like to comment that even for the complicated Case II, interesting information about the model can still be extracted. As pointed out earlier that using information on the neutrino mass pattern from other experiments and the sizes of elements in V lN from analysis here, one may be able to obtain more information about the model parameters such as the angles w ij and the Majorana phases.
VI. SUMMARY
We have studied the properties of heavy SU (2) L triplet lepton in Type III seesaw model and also their signatures at the LHC for small mixing solution between light and heavy leptons. The small mixing solution is characterized by the fact that in the limit that the light neutrino masses go to zero, the mixing also goes to zero. The smallness of light neutrino masses then leads to the fact that the total decay widths of heavy leptons are small. With such small decay widths, although not considered as long-lived for large triplet mass, the heavy lepton decays could lead to a visible displaced vertex in the detector at the LHC. This displaced vertex can be observed through E and N reconstructions. We summarize our main results with small mixing in the following:
• To a good approximation, the couplings of light charged lepton and heavy triplet leptons V lN to Z, W and H 0 bosons in Eq. 17 can be expressed with measurable neutrino mass and mixing through Eq. 18 with three unknown complex parameters w ij in a 3 × 3 orthogonal matrix given in Eq. 25.
This allowed us to study the correlation between the decays of heavy triplet leptons, light neutrino masses and mixing and model parameters. With real w ij , the mixing between light and heavy is small which leads to displaced vertex at the LHC for heavy leptons decays if produced.
• Using the relation in Eq. 18, we have tried to study possible correlation in neutrino mass hierarchy and heavy lepton decays with real w ij . We find that only in certain limited cases, for example Case I studied in this paper, the correlation is strong. The study of heavy lepton productions and decays at the LHC may help to determine the neutrino mass hierarchy. For the more general situation
Case II when heavy neutrinos are not degenerate, no such information can be extracted because the for
including all the judicious cuts described in the early section.
correlation is weak. However, even for this case interesting information about the model can still be extracted. If in the future the neutrino mass pattern is determined from other experiments and the sizes of elements in V lN from analysis of heavy lepton productions and decays at the LHC, one may be able to obtain more information about the model parameters such as the angles w ij and the Majorana phases Φ i .
• We have studied production and detection of heavy triplet leptons at LHC with judicious cuts to reduce SM background to see how large the seesaw scale can be reach at the LHC. The associated production E ± N is crucial to identify the quantum numbers of the triplet leptons and to distinguish between the neutrino mass hierarchies. Even with only the cleanest channels µ ± µ ± + jets, the signal observability can reach about M E 1 TeV for 100 fb −1 luminosity and M E 1.2 TeV for 300 fb −1 luminosity.
• Although the rate of pair production E + E − is smaller than E ± N , we demonstrated that besides the clean 4-lepton channels from e, µ, the τ final state can be effectively reconstructed as well. Even with only the cleanest channels µ + µ + µ − µ − + jets, the signal observability can reach M E 0.8
TeV for 100 fb −1 luminosity and M E 0.9 TeV for 300 fb −1 luminosity. for E ± N → µ ± Zµ ± W ∓ → µ ± µ ± jjjj, including all the judicious cuts described in the early section.
If Nature does use low scale, as low as 1 TeV, to facilitate seesaw mechanism, there will be a lot of surprises to come soon after LHC will be in full operation. We urge our experimentalists to carry out searches for low scale seesaw effects. 
all the judicious cuts described in the early section.
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APPENDIX A: DERIVATION OF EQUATION 13
To derive Eq. 13, we need to have some detailed relation of the block matrices in the unitary matrices U 0 and U L,R . For U 0 , we have
From neutrino mass matrix diagonalization, we have
For U L,R , we have U L,Rll U Combining the above relations and the definition of V L lΣ , and using the approximation M ΣN = M ΣC = M Σ , we obtain
which leads to
Then we have
From the definition of V L lΣ we can also get
Combining Eqs. A9 and A11, we finally obtain
APPENDIX B: EXPLICIT EXPRESSIONS OF V lN FOR CASE II
From Eq. 18 we can write V lN explicitly as
where Ω is matrix which satisfies ΩΩ T = 1. It can be parameterized as Ω(w 21 , w 31 , w 32 ) = R 12 (w 21 )R 13 (w 31 )R 23 (w 32 ), 
